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It is increasingly clear now that the entero-insular axis plays a major role in glucose homeostasis. Glucose-dependent intestinal polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) together termed "incretins" account for approximately 70% of beta cell insulin secretion and both peptides are necessary for normal glucose tolerance.\[[@ref1]\] GLP-1 is the incretin hormone arises from the post-translational processing of pro-glucagon in intestinal L cells and secreted in two major forms: GLP-1 (7-36) and GLP-1 (7-37 amide) often termed "active" GLP-1. The main biological action of GLP-1 depends on their two N-terminal amino acid which are primarily removed by an enzymes dipeptidyl peptidase-4 (DPP-4) into truncated "inactive" GLP-1 (9-36, 9-37 amide). GLP-1 is responsible for glucose-dependent insulin secretion, suppression of glucagon secretion and delayed gastric emptying. Interestingly, ubiquitous distribution of DPP-4 results in GLP-1 having half-life of approximately 1 min only in the circulation.\[[@ref1][@ref2]\]

Consequently, to exploit this gluco-metabolic effect of GLP-1 and to preserve and harness its characteristics two approaches were considered. The first approach included the development of GLP-1 receptor agonist (GLP-1RA) with closest possible homology to native GLP-1 structure, but resistant to DPP-4 and therefore capable of binding and stimulating GLP-1 receptor for a longer time. Another approach included the development of a molecule which can inhibit DPP-4 and thereby increases endogenous GLP-1 in circulation for a longer time.\[[@ref2]\] Although, DPP-4 inhibitors (DPP-4I) prevents the degradation of active GLP-1, it does not significantly increase the levels of circulating total GLP-1 and does not prevent the kidney from rapidly clearing GLP-1.\[[@ref3]\] An experimental animal studies demonstrated that although the levels of intact GLP-1 and GIP are preserved and increased following treatment with the DPP-4I (NVP-DPP728), the levels of total circulating incretins (degraded plus intact peptides) actually decreased for both GLP-1 and GIP. The mechanism underlying this observation remains unclear, but feedback inhibition on the K or L cell remains a possibility.\[[@ref3]\] Another study by Dai *et al*. in healthy adults also demonstrated that although DPP-4I (PF-00734200) increases active GLP-1 concentration by 2-3-fold (over placebo), this does not occur in a linear fashion. The increase in GLP-1 was non-linear and not directly proportional to the glycemic efficacy. Moreover, even with near complete inhibition of DPP-4 for over 24 h with the highest possible dose of DPP-4I, the GLP-1 levels actually declined during the night compared with post-dinner levels.\[[@ref4]\] Furthermore, with the use of currently available DPP-4I which typically exhibits effective (80--97%) DPP-4 inhibition, half-life of intact GLP-1 only increases from approximately 1 min to 5 min.\[[@ref5][@ref6]\]

It is yet unclear whether DPP-4 is the only enzyme that contributes to the degradation of GLP-1. Although, some studies have implicated a role for neutral endopeptidase (NEP) 24.11 in the endoproteolysis of GLP-1, currently, there is little evidence from the use of inhibitors or genetic studies to ascertain the relative importance of NEP 24.11 for GLP-1 biology *in vivo*.\[[@ref7][@ref8]\]

Taken together, it is now increasingly clear that the increase in circulating intact GLP-1 levels after DPP-4 inhibition seems to be modest or minimal as well as very short-lived. Consequently, it appears difficult to believe that this trivial GLP-1 rise would engages the GLP-1 receptors in beta cell accounting for effective glycemic control seen with the current uses of DPP-4I. Perhaps, this has raised serious doubt about a purely endocrine mechanism for DPP-4I ability to control blood glucose.\[[@ref6]\]

This review will attempt to find out what could be a possible pathway apart from direct GLP-1 receptor-mediated mechanism by which DPP-4I may be lowering blood glucose.
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The pharmacological actions of the GLP-1RA are largely predictable as these agents are not susceptible to inactivation by DPP-4 and increase GLP-1 to near supra-physiological levels (50-60 pmol) in the plasma for several hours depending upon the pharmacokinetic and pharmcodynamic profile and duration of action of the GLP-1RA in question. Typically, longer acting agents would exhibit more sustained GLP-1 rise compared to shorter acting agents. Thus, it is quite clear that GLP-1RA interact directly with GLP-1 receptors on beta cells to mediate their anti-glycemic effects. However, the mechanisms of action of DPP-4I in relation to glycemic efficacy are relatively less clear as mentioned earlier.

Interestingly, head-to-head clinical trials comparing glycemic efficacy of DPP-4I with GLP-1RA revealed a thought provoking insights. Although, head-to-head trials of DPP-4I versus longer acting GLP-1RA suggested a clear superiority of longer acting GLP-1RA (once weekly) in all glycemic parameters, results with shorter acting GLP-1RA (exenatide twice daily and lixisenatide) are not very convincing when compared to DPP-4I \[[Table 1](#T1){ref-type="table"}\].\[[@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15][@ref16][@ref17][@ref18]\] Notably, Glycosylated hemoglobin and fasting glucose did not differ significantly between DPP-4I versus shorter acting GLP-1RA.\[[@ref9][@ref10][@ref11][@ref12]\] Liraglutide (LIRA) was also superior to sitagliptin in one study, however another study yielded non-inferiority.\[[@ref13][@ref14]\] Moreover, a meta-analysis comparing GLP-1RA versus DPP-4I done from some of these trials also suggested a clear anti-glycemic superiority of longer acting GLP-1RA over DPP-4I, although no significant difference observed with shorter acting GLP-1RA.\[[@ref19]\] It is worthwhile to mention that consistent weight loss seen with GLP-1RA and possibly some other extra-glycemic benefit including blood pressure reduction may be a clear advantage with existing GLP-1RA compared to DPP-4I.\[[@ref19]\]
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However, this near-competitive result from head-to-head studies represents a clinical conundrum and warrants a clear explanation as to why shorter acting GLP-1RA (in particular) is not substantially superior considering the enormous pharmacological GLP-1 rise with GLP-1 agonist compared to the trivial rise of GLP-1 with DPP-4I. Furthermore, this also excites to find out other possible neuro-endocrine mediated mechanism associated with DPP-4I.

Subcutaneous glucagon-like peptide-1 receptor agonist: Possible reason for less than expected response {#sec2-1}
------------------------------------------------------------------------------------------------------

When native GLP-1 is administered as a short-term intravenous (IV) infusion, a full normalization of glucose concentrations has been observed without any risk of gastro-intestinal (GI) side effects. In contrast, subcutaneous (SC) GLP-1RA reduces glucose to a clinically meaningful extent, however not completely able to bring it to normoglycemic range in spite of substantial and almost equal GLP-1 rise like native GLP-1. It is puzzling to know that studies with IV and SC GLP-1 agonist reported similar circulating steady-state plasma concentrations for both total and intact GLP-1, while the degree of normalization in glucose was significantly different. The reasons for this discrepancy are not yet fully clear, but following mechanistic explanation is currently being proposed.\[[@ref20][@ref21]\]

The short-lived peak in GLP-1 plasma concentration does not last longer than 60--90 min with SC route of administration\[[@ref20][@ref21]\]Approximately 20% or even lower bioavailability of GLP-1 through SC administration\[[@ref21]\]Inability to use a larger dose of SC GLP-1RA because of associated GI side effects-nausea and vomiting are observed at much lower GLP-1 doses than are necessary to display the full glucose-lowering effect\[[@ref21]\]Possibility of GLP-1RA molecular modification, when it is exposed to the S.CSCsubcutaneous environment, cannot be ruled out\[[@ref21]\]Possible interaction between higher local concentrations of GLP-1 with GLP-1 receptors in adipose tissue.\[[@ref21]\]

It is worthwhile to note that peptidergic branches of autonomic nervous system also innervates the adipose tissue and exposure of GLP-1 receptors on these nerve endings to higher local GLP-1 can potentially trigger nausea and vomiting. If this GI side effect occurs at doses that are not sufficient to elevate systemic GLP-1 or GLP1-RA into the truly therapeutic range, this might explain both the issues of GI side effects and inability to reach normoglycemia as seen with IV GLP-1.\[[@ref21]\]

Dipeptidyl peptidase-4 inhibitors: Possible reason for more than expected response {#sec2-2}
----------------------------------------------------------------------------------

Dipeptidyl peptidase-4 inhibitors (DPP-4I) augment circulating concentrations of intact, biologically active, endogenously secreted GLP-1, and it is widely believed that the effects of DPP-4I are largely mediated by the physiological rise of endogenous GLP-1, although inconsistencies on such mechanism exist in the literature as mentioned earlier. GIP is also a substrate of DPP-4, but its insulinotropic effect is reduced in patients with type 2 diabetes.

Initial studies in mice with disruption of single incretin receptor with either GLP-1R^-/-^ or GIP-R^-/-^ could not abolish the glucose reducing property of DPP-4I.\[[@ref22]\] This glucose lowering ability of DPP-4I in the absence of GLP-1 receptors led to an initial impression of non-GLP-1 mediated pathway and possible mediation of other incretins or neuropeptides in lowering glucose with DPP-4I. This was also thought to happen because of up-regulatory response of other receptors if one is knocked out. Nevertheless, with the simultaneous disruption of both the receptors GLP-1R^-/-^/GIP-R^-/-^ in double incretin receptor knockout (DIRKO) mice, the glucose reducing properties of DPP-4I almost abolished thereby suggesting a major role of GLP-1 and GIP receptors as dominant mediators for anti-diabetic effect of DPP-4I.\[[@ref23]\] In fact, these observations seen in DIRKO mice suggested GLP-1 as the sole (or major) mediator of the therapeutic effect of DPP-4 inhibition.\[[@ref24]\] Ironically, there are emerging arguments that oppose this view. An earlier review by Nauck and El-Ouaghlidi suggested that the therapeutic actions of DPP-4I are not mediated by GLP-1 and cited following thought provoking reasons.\[[@ref25]\]

DPP-4I causes little increase in endogenous GLP-1Meal-stimulated levels of GLP-1 fall in response to DPP-4 inhibitionDPP-4I have little effect on gastric emptyingDPP-4I have delayed effects on glucose homeostasis.

This hypothesis was one of the first arguments that have led many to question whether the effects of DPP-4I are mediated solely through preserving intestinally secreted intact GLP-1. Subsequently, few recent studies have demonstrated that alpha cells also express and secrete GLP-1 and GIP and these islet alpha cell secreted incretins exert their insulinotropic effect directly on adjacent beta cells. Interestingly, a recent study confirms that DPP-4I might exert some of their effects on insulin secretion by preserving intact GLP-1 and GIP secreted from alpha cells.\[[@ref26]\]

Second, a considerable number of gluco-regulatory peptides in addition to GLP-1 and GIP have been identified as exogenous substrates susceptible to DPP-4 cleavage, of which pituitary adenylate cyclase activating peptide (PACAP), gastrin-releasing peptide (GRP) and possibly oxyntomodulin (OXM) seems to possess an important role in glucose metabolism and deserve special mention:

Animals lacking DPP-4 exhibited a significantly slower clearance of circulating PACAP, with virtually complete suppression of the DPP-4 metabolite, PACAP \[3-38\].\[[@ref27]\] Study with exogenous infusion of PACAP38 and GRP evoked differential metabolic effects in wild versus DPP-4^-/-^ mice and simultaneous DPP-4 inhibition potentiate their insulinotropic response thereby suggesting a plausible role of this substrate in reducing glucose during acute and chronic DPP-4 inhibition.\[[@ref28]\] This exploratory experimental study, looked whether DPP-4 inhibition (by valine-pyrrolidide) affects the insulin and glucose responses to IV glucose together with IV GLP-1, GIP, PACAP38 or GRP and suggested that the acute (1-5 min) insulin response to GLP-1 was augmented by val-pyr by 80%, that to GIP by 40%, that to PACAP38 by 75% and that to GRP by 25% (all *P* \< 0.05). This was also associated with enhanced glucose elimination rate after GLP-1 and PACAP38 (both *P* \< 0.01), but not after GIP or GRP and interestingly, the augmented insulin response to GRP by val-pyr was prevented by the GLP-1R antagonist exendin (9-39), raising the possibility that GRP effects may occur secondary to stimulation of GLP-1 secretion. Hence, this study concluded that the DPP-4 inhibition augments the insulin response not only to GLP-1, but also to GIP, PACAP38, and GRP\[[@ref28]\]Oxyntomodulin is a gut peptide in the pre-pro-glucagon family, which appeared to have acute gluco-regulatory effects and weight loss in preclinical models, attributed in part to GLP-1 receptor activation in non-diabetic humans. Experiments using mass spectroscopy identified OXM and growth hormone \[1-43\] fragment as a new candidate *in vivo* DPP-4 substrates. A very recent study in type 2 diabetes for the first time suggested its acute gluco-regulatory role comparable to LIRA, which is independent of weight loss. This study (*N* = 12) hypothesized that OXM has glucoregulatory effects in type 2 diabetes independent of weight loss and compared acute changes in pancreatic beta cell function in response to a single dose of either OXM (continuous IV infusion at 3 pmol/kg/min) or LIRA (0.6 mg, SC) in a setting of a randomized, double-blind, placebo-controlled, three-period crossover trial. Study revealed that the effects of OXM and LIRA on blunting of glycemic excursion were comparable (*P* = NS). This finding demonstrate for the first time that OXM may have significant direct acute glucoregulatory effects in type 2 diabetes, independent of weight loss. Hence, it can be postulated that DPP4-I may influence glucose control through OXM metabolism being its substrate.\[[@ref29]\]

Third, enhanced DPP-4 activities in type 2 diabetes have been observed by many researchers; nevertheless these findings are discordant amongst individual studies.\[[@ref30][@ref31][@ref32][@ref33][@ref34][@ref35][@ref36][@ref37][@ref38][@ref39][@ref40]\] Some studies suggested increased DPP-4 activity, some showed unchanged and some revealed decrease DPP-4 activity \[[Table 2](#T2){ref-type="table"}\]. However, a recent meta-analysis by Fadini *et al*. suggested a 33% enhanced DPP4 activity in type 2 diabetes.\[[@ref40]\] Therefore, it can be assumed that the reduction of postprandial active GLP-1 in type 2 diabetes could possibly be attributable to either impairment in GLP-1 secretion or an increase of its degradation (because of enhanced DPP-4 activity), or both. If latter mechanism is substantiated through further studies as the dominant mechanism, than DPP-4I may play a further role in managing type 2 diabetes.
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Finally, some recent animal studies suggested other possible mechanism by which DPP-4I might be lowering blood glucose independent of endogenous GLP-1. Following theories have been proposed pending further substantiation in human studies.\[[@ref41][@ref42][@ref43][@ref44][@ref45][@ref46]\]

### Gut-to-brain-to-cell axis theory {#sec3-1}

Few experimental studies initially showed that a vagal hepato-pancreatic reflex is initiated by activation of the hepato-portal glucose sensor to control peripheral glucose utilization. This pathway required the simultaneous activation of brain GLP-1 signaling to trigger control of glucose-regulated insulin secretion, muscle blood flow and insulin sensitivity. These findings for the first time convincingly raises the possibility that the gluco-regulatory actions of DPP-4 may involve local regulation of the GLP-1-dependent gut-to-brain-to-periphery axis.\[[@ref41][@ref42]\] Thus, to test this hypothesis, Waget *et al*. conducted an experimental study and inhibited DPP-4 activity in the intestine using very low oral dose of sitagliptin and concluded that selective local reduction in intestinal DPP-4 activity is sufficient for activation of the neurally mediated gut-to-brain-to-periphery axis.\[[@ref43]\] Subsequently, few other studies also demonstrated that DPP-4I prandial glycemic control in part could be mediated via inhibition of intestinal DPP-4, proximal to the site of GLP-1 secretion which could lead to activation of the *neural gut-to-brain-to-cell axis* through a mechanism that does not require direct actions of circulating GLP-1 on islet cells.\[[@ref43][@ref44][@ref45]\]

### Portal sensing theory or neural theory or gut-to-cell axis theory {#sec3-2}

The dominant mechanism through which DPP-4 inhibition controls glycaemia may involve enteric GLP-1 signaling as a component of the *gut-to-cell axis*. Since the portal vein carries highest GLP-1 concentration of any major vessel in the circulation and the same visceral afferents that serve the portal vein also innervate the intestine including the L-cells that produce GLP-1, it is likely that local neural mechanism plays a dominant role in glucose balance. As 50% of GLP-1 is inactivated by DPP-4 in the capillaries of the gut before it reaches the portal vein, thus the potential for intestinal nerves to mediate GLP-1 action is more plausible explanation for GLP-1 action of DPP-4I.\[[@ref43][@ref44][@ref45]\]

### Enteral theory or portal: Systemic glucagon-like peptide-1 gradient theory {#sec3-3}

Higher GLP-1 concentration in Portal:Systemic circulation with DPP-4 inhibition might be doing some trick for DPP-4I.\[[@ref43][@ref44][@ref45]\]

### Dia-peptide theory {#sec3-4}

New evidence suggest a potential biological role for bioactive dipeptides "his-ala" and "tyr-ala" which is a metabolic product after breakdown of GLP-1 and GIP respectively by DPP-4. Recent studies suggest worsening of glycemia with this diapeptide and it is likely that this dipeptide may also regulate glucose metabolism. Reduced liberation of these bioactive diapeptides with the use of DPP-4I could also contribute to the therapeutic effects of DPP-4 inhibition.\[[@ref43][@ref44][@ref45]\]

### Paracrine theory {#sec3-5}

The mechanism through which GIP acts locally in the gut on glucose homeostasis is unknown but might be related to its role on intestinal glucose absorption by reducing intestinal motility through a somatostatin mediated pathway.\[[@ref43][@ref44][@ref45]\]

### Direct glucagon like peptide-1 secretagogue {#sec3-6}

Possible direct effects on the intestinal L cell, unexpectedly revealing a novel action for sitagliptin as a DPP-4-independent GLP-1 secretagogue.\[[@ref46]\]

Taken together, these arguments cast doubt on the assumption that GLP-1 is the only, or at least the major, mediator of the clinical effects seen with DPP-4 inhibition. It should be noted that these emerging mechanism of action with DPP-4I have been primarily observed with either experimental DPP-4I or Sitagliptin, nonetheless; it is highly likely to be a class effect. These emerging theories also need to be substantiated through many more human studies as well as with other existing DPP-4I before any conclusion can be made.

C[ONCLUSION]{.smallcaps} {#sec1-3}
========================

Although, SC GLP-1RA shows overall better glucose lowering than DPP-4I, it does not achieve near normoglyemia like native IV GLP-1. Unfortunately, SC GLP-1RA is associated with lower bioavailability and nagging gastrointestinal side effect at relatively lower dose, limiting its incremental dose-effect response. If these limitations with SC approach can be further confirmed in experimental studies; there could be possibilities of some improvement with available GLP-1RA. If a molecular modification occurs in adipose tissue lowering its bioavailability, peptides resistant to these modifications could be developed, or the enzymes responsible could be inhibited by appropriate agents. If SC nerves mediate adverse GI events, other routes of administration may be helpful and currently inhaled, and oral route of these agents are targeted.

The action of the DPP-4I appears to be only partially dependent on overall endogenous GLP-1, and other factors like pitutary adenylate cyclase activating peptide (PACAP), OXM, portal neural sensing, portal GLP-1 gradient, GIP, His-Ala dipeptide, alpha cell-mediated response and possibly some other yet unidentified substrates may also be involved in mediating the glucose lowering effects. Therefore, more effort should be put into elucidating the role of other pathway or other potential incretin hormones or neuropeptides to know the DPP-4I mechanism of action.
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